between 40 and 70 ml·min −1 ·1.73 m −2 . Overreliance on GFR or Cr may lead to a delay or hinder an earlier intervention for AKI. [5, 6] Besides Cr, blood urea nitrogen (BUN) can be a common indicator of AKI, as BUN >26.78 mmol/L (750 mg/L) was shown to be an independent risk factor of postoperative mortality in AKI patients underwent to dialysis. [7] Uric acid (UA) also showed potential as an early predictor of AKI. [8, 9] β 2 -microglobulin (β 2 -MG) could effectively predict the long-term mortality and graft loss in renal transplant recipients [10] and accurately predicted eGFR reduction after transplantation (area under the curve [AUC] = 0.910). [11] Moreover, β 2 -MG was significantly elevated at 24 h after liver transplantation, which could be an effective predictor of early acute renal failure. [12] Although Cr is considered the gold standard for evaluating AKI, it remains undetermined whether Cr offers advantages in the assessment of AKI patients who undergo OLT or if there are prominent aspects of BUN, UA, or β 2 -MG as sensitive and specific biomarkers for the determination of post-OLT AKI. Therefore, this retrospective study aimed to identify the reference values of Cr, BUN, UA, and β 2 -MG for the evaluation of post-OLT AKI.
MethodS

Ethical approval
The study was conducted in accordance with the Declaration of Helsinki and was approved by the local ethics committee of the institute. As a retrospective study, the institutional ethics review board waived the requirement for written informed consent.
Patients
Between July 2003 and December 2013, patients who underwent OLT in Beijing Chao-Yang Hospital, Capital Medical University, the General Hospital of the Chinese People's Armed Police Forces, and Beijing You An Hospital, Capital Medical University, were collected. The inclusion criteria were patients undergoing OLT with end-stage liver disease (ESLD); men or women; 18 years of age and older; serum values of Cr, BUN, UA, and β 2 -MG measured pre-(baseline) and postoperative days (PODs) 1, 3, and 7. Cases with too-short a survival time (death within 3 days), patients who underwent simultaneous liver and kidney transplantation, and incomplete serum values were excluded. Age, gender, weight, hemoglobin (Hb), Model for End-Stage Liver Disease (MELD) score, causes of OLT, comorbidities, surgical type, renal replacement therapy (RRT), 28-day mortality, incidence of AKI, and serum characteristics were described.
Acute kidney injury definition
The current Kidney Disease Improving Global Outcomes (KDIGO, 2012) [13] Hence, the discriminatory improvement of KDIGO classification could be significantly improved the early judgment of AKI through a reduction in the rate of misdiagnosis. [14, 15] Postoperative AKI was diagnosed based on the KDIGO Cr-AKI standard as follows: Cr increase of ≥26.5 μmol/L (3 mg/L) within 48 h or 50-99% Cr rise from baseline (1.50-1.99 higher), which was known or presumed to have occurred within the previous 7 days (AKI Stage 1); 100-199% Cr rise from baseline within 7 days (2.00-2.99 higher, AKI Stage 2); Cr ≥353.6 μmol/L (40 mg/L) or an increase in Cr to three times higher than baseline, or the initiation of RRT (AKI Stage 3); if these criteria were not met, the patients were defined as normal and classified into the no-AKI group. The baseline serum values were defined as the data on the last day of surgery, or within 7 days before the operation, if there were no values available at admission. [16] The AKI and no-AKI groups were determined from the occurrence of AKI. In accordance with the highest level of ascending Cr, each patient corresponded to one AKI grade on each day. Three groups were defined by the occurrence and classification of AKI: Stage 1, Stage 2, and Stage 3. Moreover, the diagnostic sensitivities and specificities of Cr, BUN, UA, and β 2 -MG were described based on the analysis of receiver operating characteristic (ROC) curves.
Statistical analysis
The EpiData software (version 3.0, The EpiData Association, DK5230 Odense M, Denmark) was used for data management, and the SAS statistical software (version 9.4, SAS Institute, Cary, NC, USA) was used to compute the statistical analyses to compare the baseline situation, postoperative characteristics, and AKI stages.
Categorical variables were described by the frequency and percentile. Continuous variables with a normal distribution were presented as the mean ± standard deviation (SD); otherwise, they were expressed as the median with 25 th -75 th percentiles (Q 1 , Q 3 ). Measurement data were analyzed using the t-test or Wilcoxon rank-sum test; enumerated data were analyzed by the Chi-square test or Fisher's exact test. MedCalc software (version 11.4.2.0; Mariakerke, Belgium) was used to compare the diagnostic accuracy by ROC curve analysis. This analysis compared the values of Cr, BUN, UA, and β 2 -MG in each AKI stage by the Hanley and McNeil (1982) methodology with plotted AUC values. Sensitivities, specificities, 95% confidence intervals (95% CI), positive predictive value (PPV), negative predictive value (NPV), and cutoff value (the point of highest average of sensitivity and specificity) were calculated. The ROC curve analysis indicated that a 95% CI lower limit of an AUC >0.8 was acceptable. Statistical significance was defined as P < 0.05 (two-tailed).
reSultS
After the excluding of 976 cases, a total of 697 patients were enrolled. For those excluded cases, 952 contained incomplete or missing serum values, 21 cases were for patients younger than 18 years old, and three cases were simultaneous liver and kidney transplantation [ Figure 1 ].
The preoperative characteristics are shown in 
diScuSSion
AKI is one of the most common complications of critically ill patients. A study of 32,045 critically ill patients reported an incidence of AKI as high as 0.745. [17] AKI significantly increased hospitalization, especially in patients with one-year mortality. [18, 19] The mechanism may be associated with a decline in renal function, such as the abrupt loss of kidney excretion of medium or low-molecular-weight serum products. Severe hypotension, renal insufficiency, ischemia, and hypoxia-induced AKI may be factors in renal dysfunction after liver transplantation. [20] [21] [22] In this study, the incidence of AKI was 40.9% (n = 697), which confirmed the prevalence of AKI after liver transplantation. Furthermore, hemofiltration was used very significantly in AKI patients with an incidence of 9.8% (28 of 285). Moreover, 75 (10.8%) patients were observed of hepatic encephalopathy. The development of hepatic encephalopathy, which is the debilitating complication of cirrhosis, is often unpredictable. However, the plasma ammonia levels and brain MRI findings could be used for early detection to avoid the most serious complication of widespread brain edema.
[23] Zhu et al. [24] found that MELD score was very closely associated with AKI stages and the 28-day mortality of AKI patients was 15.5%. The MELD score and 28-day mortality were also found significantly higher in the AKI group in this study. Cr, BUN, UA, and β 2 -MG increased in the AKI group at PODs 1, 3, and 7, especially for BUN, which might reflect renal function with its highly variable value. However, this trend was not apparent in the no-AKI group [ Table 2 ].
The value of Cr was increased immediately after OLT, with the peak mean occurring at POD 1 in the AKI group, confirming its suitability for the diagnosis of post-OLT AKI. Maiwall et al. [25] suggested that patients with acute or chronic liver failure with AKI had greater potential for prevention and early detection (48 h) and that Cr as low as 100.80 μmol/L (11.4 mg/L) should be considered of clinical intervention. In this study, the baseline level of Cr was 76.92 ± 67.20 μmol/L, which was lower than the value stated above. This can be advantageous for AKI evaluation with a lower Cr value at a high sensitivity, indicating that Cr provided a meaningful judgment at a sensitive value and was conducive to the evaluation of AKI. The AUC values demonstrated good performance for the sensitivity and specificity of Cr for distinguishing AKI stages. A better AUC index was found at higher AKI stages. Zongyi et al. [26] concluded that the elevation of preoperative Cr (>353.6 μmol/L [40 mg/L]) was an independent risk factor for post-OLT AKI.
BUN was increased significantly in the AKI and no-AKI groups at PODs 1 and 3. Izumi et al. [27] found that the elevation of BUN in adults to be greater than 4.98 mmol/L (140 mg/L) after living-donor liver transplantation was an independent risk factor for postoperative complications. Elgend et al. [28] analyzed child living-donor liver transplantation and reported that preoperative high BUN was an independent predictor of graft loss and death (hazard ratio: 1.046, 95% CI: 1.014-1.079; P = 0.005). High postoperative BUN might be related to protein metabolism, as liver transplantation patients usually had preoperative hypoalbuminemia (234 [33.6%]), and large amounts of albumins were infused intra-or postoperation, which would result in the production of more BUN by protein metabolism in the body. do Nascimento et al. [7] proposed that patients should be administered earlier dialysis treatment when BUN exceeded 26.78 mmol/L (750 mg/L). Palazzuoli et al. [29] indicated that BUN was a sensitive index for the prediction of AKI occurrence during hospitalization, with a threshold of 35.71 mmol/L (1000 mg/L; AUC = 0.77, sensitivity 65.0%, specificity 85.0%). In this study, the mean value of BUN was significantly lower than the above results, which suggests that BUN might not be a sensitive value for the determination of the broad changes that occur in AKI. The arrest time and the sensitive range of BUN in post-OLT patients should be discussed by more studies. Although the AUC analysis showed the good judgment of BUN for the discrimination of AKI Stage 3 (AUC = 0.864, sensibility 82.9%, specificity 75.2%, and cutoff value 17.2 mmol/L), the preoperative values of BUN were different at the baseline between the AKI and no-AKI groups (P < 0.05). Therefore, the use of BUN for the judgment of post-OLT AKI requires further confirmation by clinical data. In addition, the value of BUN was concluded to be as a neurotransmitter-activated biomarker rather than as a specific indicator of renal dysfunction. [30] Significant differences in UA were found in the AKI and no-AKI groups, but the AUC analysis resulted in very ordinary accuracy for UA in distinguishing AKI grades. It should be mentioned that the cutoff value of UA for the distinction of AKI Stage 3 was 374.75 μmol/L, which was close to the result of Joung et al. [31] or Liang et al., [32] who concluded that UA ≥386.65 μmol/L (65.0 mg/L) was an independent risk factor for postoperative AKI after cardiovascular surgery or 375.50 μmol/L for predicting AKI after severe burns. UA may have been increased before or during the operation and no sensitive postoperative changes were found. Cheungpasitporn et al. [9] believed that UA had already elevated when the patients were diagnosed with AKI at admission. The results of Gaipov et al. [8] and Liang et al. [32] validated the clinical significance of UA in the early evaluation of AKI. Hence, UA might have increased at a very early period and its value might not be able to show any significant change in the diagnosis of post-OLT AKI.
Compared with the no-AKI group, postoperative β 2 -MG significantly increased in the AKI group, with an increasing trend over time. Saito et al. [33] suggested that β 2 -MG might be a useful biomarker for the diagnosis of liver cirrhosis in patients with hepatocellular carcinoma, suggesting its utility in patients with liver dysfunction. Nozue et al. [34] found that baseline β 2 -MG was a useful predictor of contrast-induced nephropathy. Dong et al. [35] also confirmed that β 2 -MG positively correlated with Cr, BUN, and UA, and that it was closely related to liver and kidney function in healthy people. As can be seen from the AUC calculation, β 2 -MG was an accurate measure for the classification of AKI Stage 3 (AUC = 0.848, sensibility 81.1%, specificity 82.8%, and cutoff value 43.90 μmol/L). It was suggested that β 2 -MG might be a certain reference for the judgment of AKI Stage 3 after liver transplantation. However, the study of β 2 -MG was limited to special stage disease or specific range population. Foster et al. [36] proposed that β 2 -MG was a more valuable predictor of end-stage renal disease (ESRD) in patients with chronic renal failure than the eGFR converted by Cr. Herrero-Morin et al. [37] considered that the reference value of β 2 -MG was higher than that of Cr in the treatment of AKI and hemofiltration in critically ill children. Ashida et al. [38] believed that β 2 -MG was increased before Cr, which could be useful for the diagnosis of renal dysfunction after allogeneic bone marrow transplantation. Moreover, β 2 -MG was an independent risk factor for patients with type 2 diabetes and ESRD. [39] Collectively, this suggested that β 2 -MG offered advantages for the specific diagnosis for a certain subset of patients with critical nephropathy. However, clinical data will still be needed to support the value of judgment and the feasibility of β 2 -MG use in clinical applications. In general, Cr is freely filtered at the glomerulus and secreted to varying degrees by the tubules, which is excreted mainly depending on the kidney. Kidney damage is asymptomatic in its early stages, but early detection by laboratory tests, such as Cr to GFR, can be commonly available. In the case of AKI, Cr might also backleak through the damaged renal tubular epithelium to the systemic circulation, and as Cr increased, glomerular secretion also increased. Therefore, renal dysfunction could be fairly well reflected by the elevated Cr level. For AKI definition, Cr was also very useful in the diagnosis of AKI owing to increased accuracy as the severity of postoperative AKI increased. This demonstrated the potential for prevention, accurate detection, and clear judgment of AKI stage classification or risk stratification. BUN can pass freely through the glomerulus, 40-70% is tubular reabsorption, and excludes mostly across membrane by kidney. However, BUN mainly from the protein, its concentration changed in a large range of values under the influence of liver function. Hence, there might be difficult to effectively reflect the glomerular function. In this study, postoperative BUN values increased to a particularly high level, which was good for clinical distinction and judgment; however, its sensitivity and specificity exhibited only a good reference in the diagnosis of post-OLT AKI Stage 3, might limit its clinical practicality. UA was considered as one of the causes of kidney damage and renal function progression. For kidney plays a major role in the regulation of UA level, hyperuricemia is mainly caused by the increase of its intake or its secretory defect due to the excessive deposition of crystals in the proximal tubular tubules. However, hyperuricemia was associated with renal injury, metabolic syndrome, diabetes, hypertension, and cardiovascular disease. The mechanisms of UA leading directly to kidney damage and values of the preoperative changes were not yet fully understood, and the underlying pathophysiological mechanisms are needed to be further studied and explained. [40] As a low-molecular-weight protein, β 2 -MG freely passes through the glomerular filtration membrane which is absorbed and degraded almost completely by the proximal tubules, without secretion by the tubules and return to the blood. Although a small amount of β 2 -MG might be filtered by the glomerular, the most were catabolized in the tubules, differenced from the secretion of Cr. Moreover, its blood concentration was great individually impacted by the body condition; therefore, it had a diagnostic population-specific limitation for the determination of kidney function.
The study however has limitations: only KDIGO Cr-AKI criteria, but not urine output criteria, were used to define the occurrence of postoperative AKI, which could affect the accuracy of the diagnosis; moreover, the serum Cr levels used for diagnosis of postoperative AKI were not corrected for postoperative fluid balance.
Owing to the test conditions, there was a lack of good and specific diagnostic biomarkers. Some renal biology markers had limited application, subject to the deficiency of serum measurements in past OLT, such as cystatin C, neutrophil gelatinase-associated lipocalin (NGAL), and kidney injury molecule-1 (KIM-1). It was reported that the use of a combination of biomarkers failed to significantly improve the risk classification of AKI compared with a single biomarker model. [41] Therefore, further studies are required on the issue of combined biomarker labeling.
In conclusion, compared with these commonly used biomarkers, there are sensitive and specific limitations for the use of BUN, UA, and β 2 -MG. The statistical analysis confirms the significance of Cr as a high-value indicator for the diagnosis and grading of post-OLT AKI.
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